CRM1 or XPO1 is the major nuclear export receptor in the cell, which controls the nuclearcytoplasmic localization of many proteins and RNAs. CRM1 is also a promising cancer drug target as the transport receptor is overexpressed in many cancers and quite a few of its cargos are misregulated in the diseases and hence mislocalized to the cytoplasm. Atomic level understanding of CRM1 function has greatly facilitated recent drug discovery and development of CRM1 inhibitors to target a variety of malignancies. Numerous atomic resolution CRM1 structures are now available, explaining how the exporter recognizes nuclear export signals in its cargos, how RanGTP and cargo bind with positive cooperativity, how RanBP1 causes release of export cargos in the cytoplasm and how diverse inhibitors such as Leptomycin B and the new KPT-SINE compounds block nuclear export. This review summarizes the structure-function studies that explain CRM1-cargo recognition, release and inhibition.
Introduction
Nucleocytoplasmic transport is an essential process that governs the localization of numerous proteins and RNAs in eukaryotic cells. While small molecules can diffuse passively across through the nuclear pore complex (NPC), the majority of macromolecular transport across the nuclear envelope is mediated by nuclear transport receptors of the Karyopherin β (Kap) family. There are 19 known Kaps in human cells and they include import receptors called Importins, export receptors called Exportins and bidirectional Kaps that have both Importin and Exportin functions [1] [2] [3] [4] [5] [6] [7] [8] [9] . Kap proteins share low sequence identities (10-20%) but have similar physical properties such as molecular weights and isoelectric points (pI = 4.0-5.0) [10] . Nuclear transport is achieved through interactions of cargos with Kap proteins, which in turn interact with nucleoporins that make up the NPC. Kap-cargo interactions are controlled by the GTPase Ran.
There are seven known Exportins in human cells. Of these, CRM1 (Chromosome region maintenance 1, also known as Exportin-1 or XPO1) is the most general and prevalently used export receptor. Other Exportins such as Cas, Exportin-t and Exportin-5 seem to be more specialized as they primarily export the import adaptor Importin-α, tRNAs and premiRNAs, respectively [11] [12] [13] . CRM1 was first identified through a mutation in its gene, which caused distortion in chromosome structure in Schizosaccharomyces pombe and was thus named Chromosomal Region Maintenance 1 [14] . CRM1 was later found to be an essential nuclear export receptor [15] [16] [17] [18] [19] [20] [21] . The discovery of CRM1's nuclear export function was also accompanied by the finding that the natural product inhibitor Leptomycin B (LMB) is a very potent and specific inhibitor of CRM1 [17, 22, 23] . LMB facilitated the identification of numerous CRM1 cargos [24] .
Like other Kaps, CRM1 also uses the Ran GTPase to load and unload cargos [25] . CRM1 binds cooperatively with cargos and RanGTP to form export complexes in the nucleus, which then translocate through the NPC via CRM1-nucleoporin interactions [21, [26] [27] [28] [29] [30] . CRM1 recognizes its export cargos through nuclear export signals or NESs in their polypeptide chains known as classical-or leucine-rich-NESs. These export signals are stretches of 8-15 amino acids, which contain patterns of hydrophobic residues [31] [32] [33] [34] [35] . Approximately 300 functionally diverse CRM1 cargos have been reported in the literature and information about these NES-containing proteins are archived in databases such as NESdb and ValidNESs [24, 36] . CRM1 cargos include many tumor suppressors and cell growth regulators such as p53, BRCA1/2, FOXO3, IκBα and Survivin [37] [38] [39] [40] [41] . Many of these cargo proteins are misregulated and then mislocalized to the cytoplasm in cancer cells [42] . CRM1 itself is also overexpressed in several malignancies and high levels of CRM1 protein is associated with lower survival rates in the patients [43] [44] [45] [46] [47] [48] . CRM1 has recently been shown to be an effective drug target for various cancers as CRM1 inhibition restores nuclear localization and nuclear functions of tumor suppressors, leading to apoptosis of the cancer cells [43, [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] . Atomic level understanding of CRM1 function obtained from numerous structural studies was critical in the drug discovery endeavor to target this essential cellular process.
This review focuses on the atomic basis of CRM1-mediated nuclear export. There are now 27 crystal structures of CRM1 in the Protein Data Bank (PDB) (www.rcsb.org) [64] . Collectively, this large body of work explains various aspects of CRM1 function. Here we summarize the structure-function studies that explain CRM1-cargo recognition, release and inhibition.
CRM1 and the Ran cycle
CRM1-mediated nuclear export requires the action of the small GTPase Ran. A RanGTPRanGDP gradient is maintained across the nuclear envelope through compartmentalization of Ran regulators. Ran is predominantly in the GTP state in the nucleus because of efficient nucleotide exchange by its guanidine nucleotide exchange factor RCC1, which is tethered to chromatin through interactions with histones H2A and H2B (Fig. 1) [65] [66] [67] . In contrast, cytoplasmic Ran is predominantly in the GDP state because the GTPase-activating protein RanGAP1 that catalyzes hydrolysis of RanGTP to RanGDP is located in the cytoplasm or at the cytoplasmic fibrils of the NPC (Fig. 1) [68] [69] [70] .
Binary interactions of CRM1 with either RanGTP or export cargos are very weak, but CRM1 binds both ligands cooperatively to form the CRM1-cargo-RanGTP export complex (Fig. 1) [71, 72] . The loading process is further facilitated by the Ran binding protein RanBP3 through a still unknown mechanism [73, 74] . The CRM1-cargo-RanGTP export complex binds various nucleoporins in the NPC including Nup98 on the nucleoplasmic side, Nup214-Nup88 on the cytoplasmic side of the NPC and various FG repeat-containing nucleoporins [21, [26] [27] [28] [29] [30] . In the cytoplasm, the CRM1-cargo-RanGTP complex encounters RanBP1 and Nup358 (also known as RanBP2), which facilitate cargo release and interactions of RanGTP with RanGAP1 ( Fig. 1 ) [75] [76] [77] [78] [79] . Finally, RanGAP1 catalyzes hydrolysis of RanGTP to RanGDP to end the nuclear export process and CRM1 is then recycled back to the nucleus for additional rounds of export ( Fig. 1 ) [68] .
A summary of CRM1 structures
Many crystal structures of CRM1 have been published in the last five years. 27 CRM1 structures are now available in the PDB [64] . CRM1 from several organisms (human, mouse, fungi C. thermophilum and S. cerevisiae) were used in these studies but CRM1 architecture appears conserved across these homologs. Structures of unliganded CRM1, a CRM1-cargo intermediate, CRM1-cargo-Ran export complexes, the post-release yeast CRM1-Ran-RanBP1 complex and several CRM1-inhibitor complexes, all provide snapshots of CRM1 in many steps of the nuclear export cycle and inform on various aspects of CRM1 function. We now have insights into the chemical basis of why unliganded CRM1 is inactive, how CRM1 recognizes NESs in the nucleus and releases them in the cytoplasm, and how various small molecule inhibitors block CRM1-mediated nuclear export.
CRM1 architecture
CRM1 is a 120 kDa protein that is composed of 21 HEAT repeats. HEAT repeats are helixcoil-helix tandem repeats, named after the proteins Huntingtin, Elongation factor 3 (EF3), regulatory unit A of protein phosphatase 2A (PP2A), and TOR1 that were first identified to contain these repeats [80] . HEAT repeats in Kaps are composed of antiparallel α-helices A and B, which stack and align such that the A helices form the outer convex surface and the B helices form the inner concave surface of the solenoid, ring-or spiral-shaped protein [81] [82] [83] . The structure of a small fragment of CRM1 was reported in 2004 but the first fulllength CRM1 structures were reported in 2009 [72, 84, 85] . The latter are structures of CRM1-cargo and CRM1-cargo-RanGTP complexes [84, 85] . Full length CRM1 proteins adopt ring shapes with their N-terminal HEAT repeats in close proximity with their Cterminal HEAT repeats ( Fig. 2A, B) . The outer and inner diameters of the CRM1 rings are approximately 85 Å and 40 Å, and the ternary complex is more compact than the binary complex. Several key structural features of CRM1 deserve mention here. First, the helices of HEAT repeats 11 and 12 (abbreviated H11 and H12) form a hydrophobic groove on the outer surface of CRM1 that binds NES peptides ( Fig. 2A, B) [84] . Second, the last CRM1 helix or the B helix of H21 (H21B) can adopt drastically different conformations. In the ternary CRM1-cargo-RanGTP complex, helix H21B packs next to H21A and aligns with the CRM1 ring (Fig. 2B) [85] . In the binary CRM1-cargo intermediate, H21B no longer packs against H21A but crosses the CRM1 ring with the C-terminal tail that follows H21B interacting with the inner concave surfaces of repeats H9 and H10 ( Fig. 2A) [84] . Finally, the long conserved loop that connects H9A and H9B also adopts different conformations. This loop, known as the H9 loop, adopts a beta-hairpin structure in the CRM1-cargoRanGTP complex (Fig. 2B ) but is disordered in the CRM1-cargo intermediate ( Fig. 2A) . Conformational changes involving these key structural elements are crucial for CRM1 function and will be discussed more extensively below.
Structures of CRM1-cargo complexes: Cargo recognition
CRM1 recognizes NES sequences in its cargos. NESs were first discovered in the cAMPdependent protein kinase inhibitor (PKI) and the human immunodeficiency virus type 1 (HIV-1) Rev protein where short stretches of leucine-rich sequences are transplantable and sufficient to direct nuclear exit [34, 35, 86] . Yeast two-hybrid screening of randomized Rev NES established the first NES consensus of L-X (2, 3) [87] . Analysis of the first 75-entry NES database named NESbase resulted in an expanded and widely used NES consensus sequence of Φ1-X (2,3) -Φ2-X (2,3) -Φ3-X-Φ4, (Φn is Leu, Ile, Val, Phe or Met, and X can be any other amino acid) [33, 88] . Based on results of a random peptide library screen, Kosugi et al. further expanded the NES consensus to accommodate additional spacings between hydrophobic NES residues thus generating multiple classes of the NES (class 1a-d, 2, 3; Table 1 ) [32] . To date, over 200 NES-containing cargos have been identified mostly through the use of the LMB inhibitor and information on these cargos and their putative NESs has been compiled into two similar databases, each named NESdb and ValidNES [24, 33, 36] .
The first structures of cargo-bound CRM1 are of human CRM1 bound to its cargo Snurportin-1 (SNUPN) and mouse CRM1 bound to SNUPN and RanGTP (Fig. 3A , B) [84, 85] . SNUPN is a U snRNP-specific nuclear import adaptor, which has an N-terminal Importin-β binding (IBB) domain and a nucleotide binding domain (NBD) that recognizes the trimethylguanosine (m3G) cap structure of snRNP [71, 89] . SNUPN binds to the outer convex surface of CRM1 that span H11-16 ( Fig 3A, B) . The N-terminal helix of SNUPN binds in a hydrophobic groove that is formed by CRM1 repeats H11 and H12, the NBD of SNUPN makes extensive polar interactions with the outer surfaces of H12-14 and the Cterminal tail of SNUPN interacts with the outer surfaces of H14-H16. RanGTP binds inside the CRM1 ring, making many contacts with the concave surface of CRM1 (Fig. 3B ).
Dong et al. observed that residues 4 LSQALASSFSV 14 of the N-terminal helix of SNUPN match the class 1c NES consensus (consensus Φ1-Φ4 hydrophobic residues are in bold; Table 1 ) [84] . They showed that this NES-like sequence of SNUPN was sufficient and essential for CRM1 binding and nuclear export, indicating that the segment is indeed a functional NES. Most importantly, mutations of the binding site on CRM1 (hydrophobic residues in H11 and H12) abolished binding to different NES peptides, suggesting that the CRM1 hydrophobic groove that SNUPN NES occupies is indeed the general NES binding site [84] . The NES helix of SNUPN extends one more turn N-terminal of Leu4 (Φ1 position) but breaks at Phe12 (Φ3) and then continues for another 3 residues in an extended conformation (Fig. 3C ). The entire SNUPN NES adopts a helix-loop conformation. Met1 of the SNUPN NES was thus designated as Φ0, the first hydrophobic residue of this NES which has five hydrophobic residues pointing right into the binding groove. The NES binding groove on CRM1 is wide at the bottom where the N-terminus of the NES binds but its width tapers towards the middle of the groove where the bound NES helix transitions to a loop and then remains narrow the rest of the way (Fig. 3D) . The structure of the groove suggests that it would not accommodate an entirely helical NES, consistent with the finding that experimentally identified NESs are more likely to adopt helix-loop secondary structure when compared to computationally generated sequences that match the NES consensus but are not functional NESs [31] .
NESs can have very diverse sequences ( Table 1 ). In order to understand how other NES sequences bind CRM1, Güttler et al. replaced the SNUPN NES with NESs from cargos PKI and HIV-1 Rev and solved structures of these chimeric NES-SNUPN bound to CRM1 and RanGTP (Fig. 3E, F) [90] . The PKI NES, with sequence 35 LNELALKLAGLDI 47 , matches the class 1a NES consensus (Table 1) and binds in a similar helix-loop conformation as SNUPN NES (Fig. 3E ). PKI Leu35 is Φ0 and its Φ1-4 residues bind to the same hydrophobic pockets within the groove as SNUPN NES. The Rev NES sequence ( 73 LQLPPLERLTL 83 ) has long posed a conundrum as its proline-rich content is a significant departure from the expected helical NESs. The spacings between its leucine residues are consistent with a class 1b NES consensus (Table 1) but its structure bound to CRM1 revealed different consensus hydrophobic residues and a different NES consensus. The Rev NES binds in the CRM1 NES groove in an almost entirely loop-like conformation (Fig. 3F) . Leu75, Pro76, Leu78, Leu81 and Leu83 are the Φ0-4 residues that bind to the same five hydrophobic pockets that bind the Φ0-4 residues of the PKI and SNUPN NESs. An important conclusion of the Güttler et al. study is that the CRM1 groove conformation did not vary despite sequence and structural variations of the three bound NESs. However, since structures of only three different NESs (each of NES classes 1a, 1b and 1c) bound to CRM1 are available, it remains uncertain how other NESs, especially those in classes 1d, 2 and 3 bind CRM1 and the extent of conformations that NESs adopt when bound to CRM1.
The CRM1-SNUPN-RanGTP structure also provided important insights into how CRM1 binds RanGTP [85, 90] . CRM1 wraps around Ran, which interacts with the concave surfaces of HEAT repeats H1-H9, H17 and H19 (Fig. 3B) . Important CRM1-Ran interactions also involve the 23-residue H9 loop of CRM1, which adopts a beta hairpin structure that contacts RanGTP and binds near repeats H15 and H16 of CRM1 (Fig. 3B) . Molecular dynamics simulations suggested that H9 loop interactions are important for maintaining rigidity of the CRM1 ring [91] .
Structures of CRM1-SNUPN also suggested how cytoplasmic ligands of SNUPN, the m3G-cap of snRNAs and Importin-β1, help release SNUPN from CRM1. The m3G cap binds the same site on the SNUPN NBD as CRM1, explaining mutually exclusive binding of the two SNUPN ligands [85, 92, 93] . m3G-cap binding is also expected to disrupt intramolecular contacts between the SNUPN IBB and NBD and thus free the former to bind Importin-β1, which imports SNUPN back into the nucleus [93, 94] . Although this exact mechanism is likely specific to SNUPN, cytoplasmic ligands of multi-domain cargos may contribute in general to cargo release from CRM1 in the cytoplasm.
Unliganded CRM1: the inactive state and positive cooperativity of Ran and cargo
Structures of the CRM1-SNUPN and CRM1-SNUPN-RanGTP complexes showed how the karyopherin binds NESs and RanGTP, but mechanistic understanding of positive cooperativity between CRM1, RanGTP and cargo to form the ternary export complex remained unclear until structures of unliganded CRM1 were solved. Three different crystal structures of unliganded CRM1 (human, yeast and C. thermophilum) were reported in 2013, finally showing pictures of the inactive state of CRM1 [95] [96] [97] .
In general, unliganded CRM1 is less compact than cargo-bound CRM1 and accordingly, the termini of unliganded CRM1 proteins are farther apart. Most importantly, the NES binding grooves of the unliganded proteins are closed -helices H11A and H12A have moved closer together, rendering the NES groove inaccessible to NES peptides (compare Fig. 4D to the open groove in Fig. 3D ) [91] . Two other structural features are clearly different in the unliganded state. First, the H9 loop of CRM1 interacts with the back of the NES binding groove (compare Fig. 4A-C with Fig. 3B ). The loop interacts with helices H11B and H12B, which rotated to bring helices H11A and H12A closer to achieve NES groove closure [95, 96] . Results from molecular dynamics simulations and mutagenesis of the H9 loop support the notion that H9 loop-NES groove interactions are key in controlling the opening and closing of the groove [91, 98] . Second, the C-terminal helix H21B (also known as the Cextension) of unliganded CRM1 crosses the CRM1 ring in a conformation similar to that seen in the binary CRM1-SNUPN complex (Fig. 3A, B , 4A-C). In the cross-ring conformation, the last 11-15 residues or the C-terminal tail of CRM1 contacts both the back of the NES groove and the H9 loop. The C-terminal tail stabilizes the inhibitory configuration of the H9 loop and thus the closed or inactive configuration of the NES binding groove, as shown by mutagenesis of tail residues which activates CRM1 [95, 99] . Two major structural rearrangements appear to be important for full activation of CRM1 -the C-terminal tail and H9 loop of CRM1 has to be displaced from the back of the NES binding groove (H11-H12) to its active position at H15-H16, and the C-terminal H21B helix has to rearrange into the toroid of the CRM1 ring. Two models involving these rearrangements have been proposed to explain the cooperativity of RanGTP and cargo binding to CRM1.
Saito et al. proposed that assembly of the CRM1-RanGTP-cargo complex occurs in an induced fit mechanism [95] . Superposition of unliganded and cargo-bound CRM1 structures showed that Ran can bind to N-terminus of unliganded CRM1. This observation led them to suggest that Ran binding is the first step in export complex formation. Ran binding would displace the ring-crossing C-terminal H21B helix and its subsequent rearrangement into the ring toroid would facilitate CRM1 ring closure, conformational transition of H9 loop and hence the NES groove opening. It was suggested that energy required for this drastic conformational change is greater than that gained from the CRM1-Ran binding, and that NES binding provides the additional boost to stabilize the active conformation of CRM1, hence explaining the positive cooperativity between RanGTP and cargo binding to CRM1 [95] .
Monecke et al. proposed that RanGTP and NES bind CRM1 through a conformational selection rather than an induced-fit mechanism [96] . Their molecular dynamics simulations suggested that CRM1 ring compaction, which also corresponds with an open NES groove, is the main factor that determines CRM1 activity. EM and SAXS analysis of full length CRM1 revealed intrinsic flexibility of the CRM1 ring, which samples both extended and compact conformations [91, 96] . Normal mode analysis of C-terminally truncated human CRM1 showed increased CRM1 flexibility with the NES groove fluctuating to various widths, suggesting that the C-terminal helix is important in controlling conformation flexibility of CRM1 [96, 97] . Monecke et al. suggested that binary interactions with either RanGTP or cargo stabilize the compact and active state of CRM1, making it energetically favorable for binding of the second ligand to form the ternary CRM1-RanGTP-cargo complex. Despite their differences, both the Saito et al. and the Monecke et al. models point to the same key features that control CRM1 activation -the H9 loop, the C-terminal H21B helix rearrangement, and CRM1 ring compaction.
Structure of the yeast CRM1-Ran-RanBP1 complex: Cargo release
RanBP1 is a member of the Ran binding protein family, and has one Ran binding domain (RBD). Nup358 or RanBP2 is another member of the family and has 4 RBDs. RanBP1 and Nup358 were previously shown to facilitate disassembly of the CRM1-RanGTP-cargo complex and RanGAP-catalyzed RanGTP hydrolysis in the cytoplasm [75, 76, 79, 100, 101] . Nup358 is part of the cytoplasmic fibrils of the NPC while RanBP1 is a shuttling protein that is mostly located in the cytoplasm [102] [103] [104] . Human RanBP1 contains an NES at its C-terminus but yeast RanBP1 has no obvious NES in its sequence as further supported by its LMB-insensitive actions [102, 104, 105] . The absence of NES in yeast RanBP1 suggested that cargo dissociation from the yeast CRM1 export complex does not occur through direct competition with a RanBP1 NES. The structure of the yeast CRM1-RanGTPRanBP1 complex and accompanying kinetics analysis of cargo dissociation by Koyama et al. explained how RanBP1 causes export cargo release in the cytoplasm [98] .
Individual RBDs of RanBP1 and RanBP2 accelerate cargo release from the CRM1-Ran-NES complex by 2-3 orders of magnitude and mutations of hydrophobic residues in the CRM1 H9 loop decrease the acceleration effect significantly [98] . These biochemical findings suggested an allosteric mechanism for RBD-mediated cargo release that involves the H9 loop of CRM1, and the structure of the yeast CRM1-RanGTP-RanBP1 complex showed how the allosteric mechanism was achieved (Fig. 5A) . The C-terminal tail of RanGTP is disordered in other Karyopherin-Ran complexes but becomes ordered and is wrapped around RanBP1 in the Karyopherin-RanGTP-RanBP1 complexes like the CRM1-Ran-RanBP1 complex [82, 98] . Mutagenesis showed that the C-terminal tail of Ran is critical for cargo release, likely because it displaced the CRM1 H9 loop from its active state seatbelt configuration at H15-H16 (compare Fig. 5B and Fig. 3B ) [98, 106] . The H9 loop in the CRM1-Ran-RanBP1 complex interacts with the back of the NES binding groove (H11-H12) instead, in a configuration essentially identical to the H9 loop in inactive unliganded CRM1 (compare Fig. 5B and Fig. 4A-C) . Residues that maintain this behind-the-groove, inactive state H9 loop conformation was found to be critical for RanBP1-induced cargo release, consistent with the view that the inactive H9 loop configuration induces NES groove closure and NES release [91, 95, 98] .
CRM1 inhibition by Leptomycin-B
Leptomycin B (LMB) was first discovered as an anti-fungal antibiotic produced by Streptomyces bacterial strains [107] . It was shown to possess anti-tumor activity and was tested for anti-cancer properties in pre-clinical studies [108] [109] [110] . A phase I clinical trial, however, showed large dose-dependent toxicity deeming LMB unsuitable for clinical use [111] . In attempts to reduce potential off-target effects of LMB, several modified versions of LMB were studied and reported to have improved pharmacological properties [112, 113] .
LMB is a 540 Da polyketide with an α,β-unsaturated δ-lactone ring (Fig. 6A) , which is covalently conjugated through Michael addition to a reactive cysteine residue in the CRM1 NES groove (Cys528 in human CRM1) (Fig. 6B) [114] . Recently solved structures of LMB (and related lactone polyketide compounds) bound to CRM1 showed how LMB binds in the CRM1 groove and also revealed an unexpected mechanism of action for this widely used inhibitor (Fig. 6C) [115] . CRM1-LMB structures were solved using a mutant S. cerevisiae CRM1 (wild type is LMB-insensitive with a threonine residue in place of the reactive NES groove cysteine) with a threonine to cysteine mutation to confer LMB-sensitivity. The long LMB lactone polyketide occupies the NES groove lengthwise, almost filling up the groove (Fig. 6C) , which adopts an inhibitor-bound conformation that is intermediate between that of open NES-bound groove and the closed unliganded CRM1 groove. The polyketide of LMB makes hydrophobic interactions with the same CRM1 groove residues that contact NESs.
As expected, the alkene in the LMB lactone forms a covalent bond with the thiol of the cysteine residue in the NES groove, but the CRM1-bound lactone had undergone an unexpected chemical reaction where the lactone ring was hydrolyzed to a hydroxy acid (Fig.  6B, C) . Using a combination of chemical analysis, NMR spectroscopy, mutagenesis and structure determination of CRM1 mutants, Sun et al. determined that the mechanism of inhibition by LMB involved an initial covalent bond formation through Michael addition between its lactone and the reactive CRM1 cysteine, followed by an unexpected hydrolysis of the bound lactone [115] . The latter reaction is driven by a bound water as the nucleophile and an oxyanion hole composed of basic residues in the CRM1 groove. The resulting hydroxyl and carboxylate groups of the hydrolyzed lactone and inhibitor's terminal carboxylate group all make extensive electrostatic/polar interactions with residues at the top and bottom of the NES groove, probably important for LMB's extensive and stable coverage of the NES groove to prevent NES binding.
More importantly, Sun et al. found that CRM1-driven LMB hydrolysis has important chemical and thus biological consequences. The α-proton of the hydrolyzed inhibitor is less acidic than that of the unhydrolyzed lactone (positions of α-protons are denoted by asterisks in Fig. 6B) . Consequently, the reverse Michael addition (to break the CRM1-LMB covalent bond) is expected to be much less facile for the conjugated hydroxy acid than the conjugated unhydrolyzed lactone ring [116, 117] . Consistent with the chemistry, Sun et al. showed that LMB inhibits CRM1 with non-detectable reversibility but LMB inhibition of a CRM1 mutant that cannot hydrolyze LMB was instead slowly reversible, with 20-30% of the bound LMB deconjugated and released after 24 hours. Therefore, hydrolysis of LMB by CRM1 is critical in stabilizing the covalent bond between inhibitor and CRM1 [115] .
CRM1 inhibition by the KPT-SINE inhibitors
The toxicity of LMB in the clinic has led to searches of other small molecule inhibitors of CRM1. A few novel compounds have been identified and they all inhibit CRM1 covalently like LMB [113, 118] . Recently, Karyopharm Therapeutics Inc. has used a method called Consensus Induced Fit Docking (cFID) to computationally dock small molecule compounds into the CRM1 NES groove, and successfully identified a number of new active compounds [119] . Docking small molecules into a rigid binding groove is usually problematic because proteins are flexible molecules that often sample multiple conformations. Various approaches using ensembles of protein structure generated from crystal structures or from simulations have been shown to be successful but require tremendous computational power [120] [121] [122] [123] . The cFID approach was developed to account for protein flexibility while keeping computational costs low. The method uses docking results of various ligands to a receptor surface and the different docked poses are combined to generate a hybrid ligand, which is then used to optimize the receptor surface to accommodate for various ligandbinding modes. Success of the cFID docking method has led to the development of selective inhibitors of nuclear export (SINEs) that also bind CRM1 covalently [50, 52] .
Two KPT-SINE inhibitors (KPT-330 or Selinexor and KPT-335 or Verdinexor) are now in clinical trials for solid tumors and blood cancers, and numerous studies on anti-tumor effects of these inhibitors in several different malignancies have been published in the last two years [43, [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] . CRM1 inhibition by KPT-SINE compounds caused nuclear retention of tumor suppressors and pro-apoptotic signals such as IκB, Survivin, p53, NPMc mutant, p27 and FOXO, leading to cell-cycle arrest and apoptosis of cancerous cells [49-52, 54, 58-60, 63] . The administration of KPT compounds in animals was much less toxic than LMB.
Structures of KPT-SINE inhibitors bound to CRM1 an accompanying biochemical studies may have revealed some insights to explain why these inhibitors are less toxic than LMB [50, 52] . KPT-SINE compounds such as KPT-185 and KPT-251 are small compounds (~350 Da compared to the 540 Da LMB) that share a phenyl triazole scaffold with different Michael addition acceptor side chains (Fig. 6A) [50] . The KPT inhibitors conjugate to the same reactive cysteine in the CRM1 groove as LMB (Fig. 6C) but there are two key differences in their mechanisms of action compared to LMB [50, 52, 115] . First, the smaller KPT inhibitors occupy only the top third of the NES groove leaving ~60% of the hydrophobic groove open and unoccupied (Fig. 6C) . CRM1-KPT interactions are exclusively hydrophobic in nature with the trifluoromethyl groups of the inhibitors buried deep in the NES binding groove. The second difference between KPTs and LMB involves their Michael acceptor moieties or reactive enones. Although the reactive enone of KPT-185 is chemically similar to that of LMB, it was not hydrolyzed by CRM1 after conjugation. The lack of hydrolysis for KPT-185 could be explained by the positioning of its enone and attached side chain deep in the NES groove, away from potential nucleophiles and the oxyanion hole that facilitate hydrolysis of LMB. As mentioned above, 20-30% of nonhydrolyzed LMB was released from CRM1 after 24 hours. KPT-185's conjugation and inhibition activity is also 40-60% reversed after 24 hour, likely due to the lack of hydrolysis of its enone [115] . Therefore, although KPT-SINEs bind covalently to CRM1, they are not irreversible inhibitors but in fact are slowly-reversible inhibitors. The slow reversibility of CRM1-KPT interactions may contribute to their improved tolerance in animals since withdrawal of the drug may allow sufficient deconjugation of the inhibitor from CRM1 and allow essential nuclear export to resume in normal cells. The KPT-SINEs may bind long enough to kill cancer cells but due to the reversible nature of their interactions with CRM1, they may be released in time to spare normal cells.
Conclusion and Perspectives
The first crystal structure of a small fragment of CRM1 was solved in 2004, the first structures of full length CRM were reported in 2009 and structural knowledge of CRM1-mediated nuclear export has grown tremendously since then [72] . It is now clear that CRM1 is a ring-shaped karyopherin, which uses its outer convex surface to bind protein cargos. CRM1-NES recognition is achieved through anchoring of key hydrophobic residues of the NES into the hydrophobic NES binding groove, and variation in NES sequences is accommodated through variation of secondary structures of the bound NESs. The CRM1 protein adopts multiple conformations, including an inactive unliganded state with a closed NES groove and an active state with the groove open and NES-bound. These two conformations are stabilized by two different conformations of the CRM1 H9 loop, which are in turn controlled by different conformations of the CRM1 C-terminal extension (the H21B helix and C-terminal tail). Similarly, RanBP1, which accelerates cargo release when bound to RanGTP and CRM1, also stabilizes the inactive groove-closed state of CRM1 through stabilization of the inactive configuration of the CRM1 H9 loop. Finally, thus far, inhibition of CRM1 nuclear export by small molecule compounds has been achieved through direct conjugation of the inhibitors to the reactive cysteine residue in the NES groove of CRM1. However, the mechanisms of inhibition are not the same for all CRM1 inhibitors. LMB is first covalently conjugated to CRM1 and then hydrolyzed by the protein. LMB hydrolysis stabilizes the covalent CRM1-LMB interaction causing the inhibitor to be irreversibly bound to CRM1. The persistent shutdown of CRM1-mediated nuclear export is expected to be highly deleterious. KPT-SINEs, on the other hand, are not hydrolyzed by CRM1 and conjugate to CRM1 in a slowly reversible manner, which is potentially favorable for tolerance of the drugs.
The large body of structural knowledge that is currently available for CRM1 has contributed to atomic level and mechanistic understanding of many steps in the CRM1 nuclear export cycle. However, structural analysis could still inform on several outstanding questions and guide future discoveries pertaining to CRM1-mediated nuclear export. The most glaring gap in current structural knowledge of this transport pathway concerns the lack of CRM1-nucleoporin structures. Are there different classes of CRM1-nucleoporin interactions, such as ones for docking onto the NPC and others for translocation? The mechanism of RanBP3 facilitated cargo loading in the nucleus is also unclear at this time, and structural work of complexes containing CRM1 and RanBP3 should shed light on this process. In addition to its hundreds of protein cargos, CRM1 also exports a subset of mRNAs in a Ran-dependent and LMB-sensitive fashion [20, [124] [125] [126] [127] [128] [129] [130] [131] . mRNA export by CRM1 likely requires NEScontaining adaptors but it is currently not known if there is a general mRNA adaptor for CRM1 or specific adaptors for different mRNAs [132] . It is also not known if CRM1 shares binding interfaces with mRNA or other nucleic acid cargos. Structural analysis of CRM1-nucleic acid complexes may be possible and useful once identities of their adaptors are known. Finally, recent reports suggest that CRM1 is a relevant target for cancer and potentially inflammatory diseases, and efforts to design and develop CRM1 inhibitors for therapeutics has and should continue benefiting from the large body of structural data on the pathway [133] [134] [135] [136] [137] . Atomic understanding of the different steps of the CRM1 cycle and the different conformational states of CRM1 should guide discovery of reversible inhibitors for the NES binding groove and perhaps allosteric inhibitors that control CRM1 activity through binding at sites far from the NES groove. In the nucleus, RanGTP is efficiently loaded with GTP by RCC1. RanGTP and cargo forms a complex with CRM1 and is exported through the nuclear pore complex to the cytoplasm. RanGAP1 and RanBP1 facilitate cargo release and RanGTP hydrolysis. CRM1 is then recycled back to the nucleus for another round of export. 
